Vulnerability to relapse is a defining characteristic of drug addiction, and controlling relapse is a primary therapeutic goal in treating addiction 1 . The inability to control drug use is associated with neuropathologies in cortical regulation of the striatal circuitry, including constitutive potentiation of cortical glutamatergic synapses in the nucleus accumbens core (NAcore) 2,3 , and further transient synaptic potentiation (t-SP) when relapse is initiated by cocaine injection or cocaine-associated cues 4, 5 . Although these studies have shown that synaptic potentiation at glutamatergic synapses in NAcore is required for relapse to cocaine seeking, it is not understood how the long-lasting potentiation after withdrawal is stabilized or how relapse-associated t-SP is initiated.
Scale bars represent 100 µm. (h) The level of TIMP-2 was elevated in cocaine-reinstated rats compared with rats after extinction at 15 min (F 2,20 = 3.76, P < 0.05), and both MMP-9 and TIMP-2 were elevated compared with extinguished and yoked-saline rats at 45 min (TIMP, F 2,19 = 4.306, P < 0.05; MMP-9, F 2,19 = 10.35, P < 0.001). Full-length gels are shown in Supplementary Figure 9 . Data shown as mean ± s.e.m. *P < 0.05 compared with yoked-saline using a Newman-Kuels test for multiple comparisons, + P < 0.05 compared with extinction.
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VOLUME 17 | NUMBER 12 | DECEMBER 2014 nature neuroscience B r i e f c o m m u n i c at i o n s self-administration and reinstatement in rats, we tested the hypothesis that MMP-2 and MMP-9 are required for both cue-induced reinstatement and associated synaptic plasticity. MMP-2 and MMP-9 proteolytic activity in the NAcore was quantified using a FITC-quenched gelatin peptide that fluoresces following cleavage by MMP-2 or MMP-9 (ref. 9) in a linear manner over 60 min (Supplementary Fig. 1 ). Rats were trained to self-administer cocaine, heroin or nicotine and lever pressing was extinguished ( Fig. 1a and Supplementary Fig. 2 ). FITC-gelatin was microinjected into NAcore before or at various times after initiating drug-seeking by restoring drug-associated conditioned cues (tone/light) to reinstate active lever pressing, and rats were killed 15 min later ( Supplementary  Fig. 2 ). Gelatinase activity was increased in NAcore of cocaineextinguished compared with yoked-saline control rats, and 15 min of cue-induced reinstatement caused a further increase (Fig. 1b-e) . The increase in MMP activity returned to pre-reinstatement levels by 120 min (Fig. 1b) . Rats trained to self-administer nicotine showed constitutively increased MMP activity after extinction, and both nicotine-and heroin-trained rats showed increases after 15 min of cued-reinstatement. When cocaine-trained rats were reinstated using a noncontingent cocaine injection, the constitutive increase in MMP activity was eliminated at 15 min after injection, but rebounded by 45 min. The increase in fluorescence was localized to the soma and dendrites of NAcore neurons (Fig. 1f,g ). We found no increases in MMP activity in the dorsal striatum or accumbens shell after 15 min of cue-induced reinstatement ( Supplementary Fig. 3a,b) .
Neither the enduring increase in gelatinase activity after extinction nor the increase elicited by 15 min of cue-induced reinstatement were accompanied by a change in NAcore protein content of MMP-2, MMP-9 or the MMP-2/9 inhibitory protein TIMP-2, although TIMP-2 was elevated in reinstated rats compared with rats after extinction ( Fig. 1h and Supplementary Fig. 4a ). Furthermore, no difference was detected in Mmp2 or Mmp9 mRNA between yoked-saline and reinstated rats (Supplementary Fig. 4b ), indicating that the increase in MMP-2 and MMP-9 activity likely results from protein activation rather than protein synthesis 6 . In contrast, both MMP-9 and TIMP-2 protein content were elevated 45 min after reinstating cocaine-seeking with an acute injection of cocaine (Fig. 1h) .
We used pharmacological inhibitors of MMP-2 and MMP-9 to determine which MMP mediated the increased fluorescence 10 . The constitutive increase in fluorescence in rats after extinction was abolished by intra-NAcore microinjection of an MMP-2 inhibitor (MMP-2i), but not MMP-9 inhibitor (MMP-9i; Fig. 2a) . Conversely, the increase in fluorescence after 15 min of cue-induced reinstatement was reduced by an MMP-9i, but not an MMP-2i (Fig. 2a) . Increased MMP activity after 45 min after cocaine-induced reinstatement was also prevented by an MMP-9i (Fig. 2a) . This pattern of gelatinase expression is consistent with work showing that the brain Figure 2 Constitutively induced MMP-2 following extinction and transient increases in MMP-9 by reinstatement mediate t-SP. (a) MMP-2i (1 nmol per side) decreased gelatinase activity following extinction compared with vehicle injection into the contralateral NAcore (t 3 = 3.72, P = 0.034), whereas MMP-9i (0.1 nmol per side) had no effect. Yoked-saline data shown for comparison are from Figure 1b . MMP-9i, but not MMP-2i, reduced gelatinase activity 15 min following cue-induced reinstatement (t 3 = 3.47, P = 0.040). MMP-9 inhibition reduced fluorescence induced 45 min after a cocainepriming injection (t 3 = 3.77, P = 0.037). The numbers in the bars represent the number of rats. *P < 0.05 comparing vehicle with inhibitor using a paired Student's t test. (b) A/N elevated after cocaine extinction was reduced by MMP-2i, whereas transiently increased A/N during reinstatement was reduced by either MMP-2i or MMP-9i. The numbers in the bars represent the number of neurons recorded from >3 rats in each condition (F 6,57 = 13.08, P < 0.001). (c) The enduring elevation of d h by cocaine extinction was reduced by MMP2i, whereas transient increases in d h during reinstatement were reduced by either MMP-2i or MMP-9i. The numbers in the bars represent the number of rats quantified (6-12 neurons per rat; F 8,27 = 11.68, P < 0.001). (d) The increase in spine density produced in rats after extinction was blocked by MMP-2i, but not MMP-9i (F 8,27 = 13.47, P < 0.001). *P < 0.05 compared with yoked-saline vehicle, using a post hoc Newman-Keuls test, + P < 0.05 compared with extinguished vehicle, # P < 0.05 compared with reinstated vehicle. (e) Bilateral microinjection of MMP-2i or MMP-9i into NAcore decreased active lever pressing in response to cocaine-conditioned cues over a 2-h reinstatement session. A randomized crossover design over three sessions was used and three reinstatement sessions yielded equivalent active lever pressing (interaction, F 7,172 = 8.02, P < 0.001; Supplementary Fig. 10 ). (f) Bilateral microinjection of MMP-9i decreased active lever pressing in response to a cocaine priming injection (interaction, F 4,57 = 11.28, P < 0.001). (g) Intra-NAcore microinjection of either MMP-2i (1 nmol per side) or MMP-9i (0.1 nmol per side) failed to reduce cue-induced reinstatement of sucrose seeking (Kruskal-Wallis (4,30) = 10.61, P = 0.014). The numbers in the bars represent the number of rats. Data are presented as mean ± s.e.m. *P < 0.05 compared with extinction, + P < 0.05 compared with vehicle, # P < 0.05 compared with paired inactive responding. 11 .
Withdrawal from cocaine self-administration is associated with constitutive synaptic potentiation in NAcore excitatory synapses [12] [13] [14] , and after 15 min of reinstated lever pressing, NAcore synapses undergo t-SP 4, 5 . We assessed synaptic potentiation morphologically, as spine density and head diameter (d h ), and electrophysiologically, as the ratio of AMPA to NMDA currents (A/N). Whole-cell patch-clamp measurement of A/N in medium spiny neurons (MSNs) revealed that, following vehicle microinjection into the NAcore, A/N in cocaineextinguished rats was elevated compared with yoked-saline rats and was further elevated 15 min after initiating cue-induced reinstatement (Fig. 2b) . The increase in A/N in rats after extinction was restored to yoked-saline levels by MMP-2i, but not MMP-9i. However, either inhibitor prevented the elevated A/N initiated by 15 min of reinstatement (Supplementary Fig. 5 ). Diolistic labeling of MSNs with the lipophilic carbocyanine dye DiI (Supplementary Fig. 6a-c) revealed that, following vehicle injection into the NAcore, d h was increased after extinction from cocaine self-administration compared with yoked-saline and was further increased 15 min after cue-induced reinstatement of cocaine seeking (Fig. 2c) . The constitutive increase in d h in rats after extinction depended on MMP-2 activity, and the increase after 15 min of reinstatement depended on both MMP-2 and MMP-9 activity. Spine density was elevated in cocaine-extinguished compared with yoked-saline rats, but no further elevation was produced by cueinduced reinstatement (Fig. 2d and Supplementary Fig. 6d ). Spine density in both extinguished and reinstated rats was normalized to yoked-saline levels by MMP-2i, but not MMP-9i. Combined with the measure of d h , these data indicate that reinstatement is associated with transiently increasing the size (d h ) of existing spines rather than creating new spines and that MMP-2 activity supports the increase in spine number in rats after extinction that are enlarged by MMP-9 activity during cued reinstatement. Neither MMP inhibitor affected A/N, d h or spine density in yoked-saline rats (Supplementary Fig. 7) .
Given that reinstated behavior requires synaptic potentiation in accumbens MSNs 5 , and the dependence of synaptic potentiation on MMP-2 and MMP-9 activity, we hypothesized that MMP-2i and MMP9i would reduce cue-induced reinstatement. Microinjection of either inhibitor into the NAcore dose dependently reduced cue-induced reinstatement compared with control ( Fig. 2e and Supplementary  Fig. 8 ). MMP-9i also reduced cocaine-induced reinstatement (Fig. 2f) . Consistent with the lack of synaptic potentiation in the NAcore during cue-induced sucrose reinstatement 5 , neither inhibitor reduced cueinduced reinstatement of lever pressing for sucrose pellets (Fig. 2g) .
A role for MMPs in addiction is indicated by MMP9 gene expression being altered in the brain of cocaine addicts 15 and the serum of heroin addicts 16 , and an MMP9 gene polymorphism being associated with alcohol dependence 17 . In addition, intra-cerebroventricular injection of nonselective MMP inhibitors reduces drug seeking in animal models 18, 19 . Our data show a specific and necessary role for MMP-2 and MMP-9 in the enduring vulnerability to relapse and suggest the study of ECM signaling as a research theme for understanding and treating addiction.
MethodS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. oNLINe MethodS
Animal housing and surgery. Male Sprague-Dawley Rats (250g; Charles River) were individually housed with a 12:12-h dark/light cycle. All experimentation occurred during the dark phase, and animals were allowed to acclimate to the vivarium environment for 4 d before surgery. Rats were ~65 d old when they were anesthetized with a combination of ketamine HCl and xylazine, and received ketorolac for analgesia. All rats received intrajugular catheters, and rats for microinjection experiments received intracranial cannula targeted 2 mm above the NAcore, dorsolateral striatum or NA shell 20 drug self-administration and reinstatement. After 5 d of recovery from surgery, rats underwent one overnight (12 h) food training session. The next day, animals began daily 2-h self-administration (SA) sessions for either cocaine or nicotine, or 3-h SA session for heroin 5, 22, 23 . During SA, drug was delivered using an FR1 schedule with a 20-s timeout following each infusion. Active lever presses that resulted in cocaine (cocaine hydrochloride, 0.2 mg per infusion; donated by the National Institute on Drug Abuse), heroin (heroin-hydrochloride, 100 µg per infusion for days 1 and 2, 50 µg per infusion for days 3 and 4, 25 µg per infusion for days 5-10; donated by National Institute on Drug Abuse) or nicotine (0.02 mg per kg of body weight per infusion) infusion simultaneously resulted in presentation of a compound light (above the active lever) and tone (2,900 Hz) conditioning stimulus. An inactive lever was also provided to control for non-motivated responding. Following 10 SA sessions at ≥10 infusions per day, rats began extinction training, during which all programmed consequences were removed from lever pressing. Extinction training lasted at least 10 d, or until two consecutive days with ≤25 active lever presses. Reinstatement was induced by presentation of light/tone cues following an active lever press. Microinjections of an MMP inhibitor or vehicle were given 15 min before beginning reinstatement in most cases, or 15 min before gel infusion for zymography experiments. For behavioral experiments (Fig. 2e,f) , a within-subjects crossover design was used. In this procedure, each rat received each condition (MMP-2i, MMP-9i or vehicle) according to a Latin square design. Rats were required to meet extinction criteria before each reinstatement test. Reinstatement sessions lasted 120 min in the behavioral experiment, and for zymography, spine morphology, and A:N experiments reinstatement sessions were 15, 45, or 120 min long, at which point rats were killed for further measurements. When rats were assigned to different drug versus yoked-saline groups, they were randomly assigned. When rats were assigned to extinguished or reinstated groups they were assigned in order to maintain equal variance and mean number of drug infusions during the last 3 d of self-administration.
In vivo zymography. Because MMPs are secreted in inactive pro-forms and catalytically activated in the ECM, activity assays are preferable to immunoblotting for protein content for assessing changes in MMP function 24 . We used an in vivo zymography assay to directly measure MMP activity. Dye-quenched gelatin is an MMP-2/9 substrate containing intra-molecularly quenched FITC fluorophores that cannot fluoresce until proteolytically processed by MMP-2 or MMP-9 (ref. 9). The amount of fluorescence produced forms a linear relationship with incubation time and MMP activity (Supplementary Fig. 1 ). Dye-quenched FITC-Gelatin (Molecular Probes) was reconstituted in phosphate-buffered saline (PBS) at 1 mg ml −1 pH 7.2-7.4. 3.0 µl of gel (1.5 µl per side) was microinjected 15 min prior to administering an overdose of pentobarbital (100 mg per kg, intraperitoneal) and beginning transcardial perfusion of 4% paraformaldehyde (PFA, vol/vol). Brains were removed, placed in 4% PFA for 90 min for additional fixation, a vibratome was used to obtain 50-µm sections through the NAc. Sections were mounted and coverslipped. Fluorescence was excited with a 488-nm argon laser, emissions were filtered to 515-535 nm, and images were obtained through a 10× objective with a 0.3 numerical aperture (Leica confocal microscope). Only slices in which the injection site and anterior commissure could be visualized in the same frame were imaged. ImageJ (US National Institutes of Health) was used to quantify images. All quantified images contained the anterior commissure, which was masked to prevent being quantified, but provided a landmark for the NAcore. MMP activity is induced as part of the acute inflammatory response to tissue damage from the microinjector, and thus the microinjector tract was readily visible in all quantified sections due to equivalent high fluorescence in all treatment groups (Fig. 1) . This tract was also masked to eliminate quantifying any MMP activity caused by microinjection-induced acute damage. Fluorescence was quantified bilaterally as integrated density from four sections per rat, and the integrated densities were averaged within each rat and normalized to yoked-saline control values. Quantification of density was conducted by an individual blinded to the treatment group. western blotting. Rats were rapidly decapitated after extinction of cocaine selfadministration or yoked-saline, or following 15 or 45 min after cued or cocaineprimed reinstatement. The NAcore was dissected and homogenized in RIPA lysis buffer containing 1.0% SDS (vol/vol) and protease/phosphatase inhibitors. Homogenate was centrifuged at 4 °C for 5 min at 10,000 g. Supernatant was collected and protein concentration was determined via a biconchinic acid assay (Thermo Scientific). 30 µg of protein was added to each lane of 10% Bis-Tris gels (Bio-Rad) and transferred to nitrocellulose membranes via the Invitrogen iBlot transfer system. Primary antibodies were used for MMP-2 (1:1,500, Abcam ab79781), MMP-9 (1:500, Millipore AB6001) and TIMP2 (1:1,000, Abcam ab53730) and HRP-conjugated goat secondary antibody to rabbit was used at 1:10,000. GAPDH was used as a loading control for MMP-2 and MMP-9, and Calnexin was used for TIMP-2. A Kodak Image Station was used to visualize and quantify protein expression. Each western blot was repeated twice.
Semi-quantitative Rt-PcR. NAcore brain tissue was dissected from cocaine or saline animals killed on the final day of extinction training. Total RNA was extracted from NAcore tissue using the Qiagen RNeasy mini kit with Qiashredder homogenization (Qiagen). Reverse transcription was performed at 37 °C for 1 h using 1µg of total RNA for each sample in 20-µl reactions using the High Capacity RNA-to-cDNA kit (Applied Biosystems). PCR reactions were assembled in taq PCR master mix (Qiagen) with 35 pmol of each primer set detailed below and 6 µl of cDNA as template yielding a final reaction volume of 20 µl. PCR reactions were run in a MyCycler thermal cycler (Bio-Rad) with a protocol consisting of a single 94 °C step for 3 min followed by 35 repetitions of 94 °C for 30 s, 51 °C for 30 s and 72 °C for 1 min cycle, ending with a final 5-min extension at 72 °C. 35 cycles was selected following optimization experiments performed before mRNA measurement indicating that 35 cycles resulted in levels of product formation that remained in the linear range for each set of primers and thus was suitable for semiquantitative RT-PCR (data not shown). The following primers were used 25 : MMP2 forward 5′-GATCTGCAAGCAAGACATTGTC TT-3′, MMP2 reverse 5′-GCCAAATAAACCGATCCTTGAA-3′, MMP9 forward 5′-GTAACCCTGGTCACCGGACTT-3′, MMP9 reverse 5′-ATACG TTCCCGGCTGATCAG-3′, TIMP-2 forward 5′-AGGGAAGGCGGAAGGAG AT-3′, TIMP-2 reverse 5′-CCAGGGCACAATAAAGTCACAGA-3′, TIMP-3 forward 5′-AGCATCAGCAATGCCACAGA-3′, and Cyclophilin forward 5′-GGGGAGAAAGGATTTGGCTA-3′, Cyclophilin reverse 5′-ACATG CTTGCCATCCAGCC-3′ (ref. 26) . PCR reactions were separated by 1.5% agarose gel electrophoresis and densitometry values were determined using Fiji (imageJ Version 1.47) software. During each PCR run no template negative controls were run and contained no products, in addition minus RT samples were also run and show no product formation (data not shown). Relative amounts of MMP2, MMP9, TIMP-2 and TIMP3 mRNA were calculated as a ratio of the density value of amplicon for MMP2, MMP9, TIMP-2 or TIMP3 that of the corresponding cyclophilin control amplicon.
Quantification of dendritic spine head morphology. Rats were deeply anesthetized with ketamine HCl (87.5 mg per kg, intraperitoneal) and xylazine (5 mg per kg, intraperitoneal). Transcardial perfusions with PBS followed by 1.5% PFA in PBS. Brains were removed and post-fixed in the same fixative for 30 min, then coronally sectioned at 200 µm in PBS on a vibratome. Tungsten particles npg
